Effect of pore geometry on the sintering of Ca-based sorbents during calcination at high temperatures by Fierro, Vanessa et al.
1 
Enviado para publicar por Elsevier: Fuel 83 (2004) 1733–1742 
 
Effect of pore geometry on the sintering of Ca-based sorbents 
during calcination at high temperatures 
 
J. Adánez*, V. Fierro†, F. García-Labiano 
Instituto de Carboquímica (C.S.I.C.), Department of Energy and Environment 
Miguel Luesma Castan 4, 50015  Zaragoza, Spain 
 
Abstract 
In this paper, we present a mathematical model that describes the calcination and 
sintering of calcium-based sorbents in furnace sorbent injection (FSI) conditions. We 
assumed that the sorbent decomposition follows a shrinking core model with a changing 
pore size distribution in every layer and we used a comprehensive mathematical model 
for sintering. Cylindrical and plate-like or slit pore geometries, usually associated with 
carbonate- and hydroxide-derived sorbents, respectively, were adopted and compared. It 
was concluded that sorbents with cylindrical pores sinter to a grater extent than those 
with slit pores. The decomposition and sintering kinetics were determined for three 
calcium sorbents with different pore geometries in FSI conditions. The study revealed 
that the presence of CO2 and H2O in the reaction atmosphere affects the sintering 
parameters whereas the calcination parameters remain constant. The model effectively 
correlated the experimental data and adequately predicted not only the evolution of the 
specific surface area but also the evolution of the pore size distribution of the sorbent 
over time. The most striking aspect of the research was that although our model 
calculated the total area by adding together the pore sizes in all the layers of the sorbent, 
the results were very similar to those of other sintering models. 
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1. Introduction 
Limestones and calcium hydroxides are calcium-based sorbents that are usually 
used as SO2 removal agents. One of the most widely used technologies is sorbent 
injection into pulverised coal boilers, which is specially attractive as the lowest cost 
option to retrofit old power plants that burn coal with a low sulphur content [1]. 
Temperatures in the furnace are high and a suitable thermal window for the reaction lies 
approximately between 900 and 1200 °C. The residence time for the combustion gas, 
and hence for the entrained sorbent particles within the thermal window, depends on the 
type of boiler, but in most cases it is less than 1.5 s. The sorbent particle is small, 
typically less than 50 µm, and the capture of SO2 is enhanced by smaller particles. 
When a calcium-based sorbent, a calcium carbonate or a hydroxide is injected at high 
temperatures it decomposes to form a porous solid, CaO: 
23 COCaOCaCO   
OHCaO)OH(Ca 22   
Beruto et al. [2] found that the porous structure of CaO depended on the parent 
material, CaCO3 (c-CaO) or Ca(OH)2 (h-CaO). Nitrogen adsorption-desorption 
isotherms of the c-CaO and h-CaO have normally been associated with cylindrical or 
plate-like pores, respectively [3]. However, some limestones can also show slit pores 
[4,5]. 
SO2 removal depends on the structural characteristics, porosity and specific 
surface area of the sorbent that develop during calcination and which are modified by 
sintering [6-8]. Of the factors affecting the sintering process, the most important are 
sorbent impurities [9] and, above all, the presence of such gases as CO2 and H2O in the 
combustion process [10]. Several models in the literature show the dependence of the 
sintering rate on the CO2 and H2O concentrations [11-15]. However, most of them 
suffer from the lack of a pore size distribution, which can have a considerable effect on 
the sulphation predictions and the values of the kinetic parameters [2, 16, 17]. 
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Moreover, none of the previous models considers the pore structure differences between 
the calcined products, c-CaO and h-CaO, which can have an important effect on the 
sintering process during calcination. 
Although studies have been made of calcination/sintering kinetics carried out with 
sorbents in fluidised bed reactors or in flue gas desulphurisation systems [18-19], the 
fact that the conditions are very different from those in FSI systems means that they 
cannot be used to predict sorbent behaviour during injection. Additionally, the 
experimental problems associated with the thermogravimetric measurements of the 
CaCO3 decomposition of small particles have been widely shown [20]. Therefore, to 
adequately characterise the sorbent behaviour of a small sorbent, at high temperature 
and for short times, a differential reactor [20] or an entrained flow reactor [12, 21-23] 
must be used. 
The aims of this paper were (i) to study the simultaneous calcination-sintering 
processes of different calcium-based sorbents in a drop tube reactor to simulate as 
closely as possible the conditions in typical FSI systems; (ii) to predict the evolution of 
the pore size distribution, for cylindrical and plate-like pore geometries, in different 
operation conditions by developing a decomposition-sintering model for cylindrical and 
plate-like geometries.  
2. Experimental 
2.1. Apparatus 
The calcination/sintering experiments were carried out in a drop tube reactor 
system at temperatures between 900 and 1200°C and residence times varying from 0.25 
to 1.2s. To test the effect of the gases on solid sintering, atmospheres with variable 
percentages of CO2 (0-15%), H2O (0-7%) and nitrogen balance were used. More details 
on the experimental set up are given elsewhere [17].  
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The calcination degree was determined by the weight loss in a thermobalance at 
900 ºC in nitrogen. Specific surface areas and pore size distributions of the calcines 
were determined by nitrogen physisorption at 77 K in an ASAP 2000 analyser. 
2.2. Sorbents 
Three calcium-based sorbents were used here: the Omyacarb limestone and two 
calcium hydroxides prepared from it, CH-45 and CH-LGS [5]. CH-45 was prepared by 
calcining Omyacarb limestone and further hydration. CH-LGS was prepared by adding 
calcium lignosulfonate (LGS) to the hydrating water to get a percentage of 1.5 wt% in 
the dried product [17]. The main physical properties of these three raw sorbents are 
shown in Table 1. Both calcium hydroxides have higher specific surface areas than the 
limestone because of the consolidated nature of this material. The particle size of CH-
LGS is somewhat smaller than that of CH-45, because of the dispersing properties of 
the LGS. The adsorption-desorption isotherms of the Omyacarb limestone correspond 
to a type H1 hysteresis loop (IUPAC classification), while the calcium hydroxides 
showed a type H3 hysteresis loop at all the temperatures tested. According to Gullet and 
Bruce [3], type H1 hysteresis loops are generally associated with cylindrical pores while 
type H3 are associated with slit-shaped or parallel plate-like pores. In this study, we 
used the BJH model [24] to obtain the pore size distribution for the sorbent samples 
with cylindrical pores and the model proposed by Innes [25] for the calcium hydroxides 
with plate-like pore geometry. 
3. Calcination-sintering model 
3.1. Previous models 
Thermal decomposition of a calcium-based sorbent involves several potential 
rate-controlling processes: heat transfer to the surface and through the CaO product 
layer, mass transfer of CO2 through the product layer and the decomposition reaction 
itself. Powell and Searcy [26] said that heat and mass transfer were not limiting for 
small, dispersed particles. Borgwardt [20] agreed that the calcination process of small 
particles (1-90 µm) was under chemical kinetic control, and added that the calcination 
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rate was proportional to the BET surface area. Silcox et al. [15] developed a 
mathematical model for the flash calcination of Ca(OH)2 and CaCO3 particles described 
by the shrinking core model. In this model, the particle was assumed to be isothermal 
although internal CO2 profiles were considered. Ghosh-Dastidar et al. [22] also used 
this type of model to describe the calcination of very small (<5 µm) Ca(OH)2 particles. 
On the other hand, Hu and Scaroni [27] considered calcination to occur throughout the 
particle with different degrees of calcination at different locations. 
Calcination is a fast reaction that initially yields a very high surface area of the 
CaO produced, which rapidly decreases as the sintering progresses [9]. Most of the 
previous studies made extremely simplified assumptions about the phenomena 
involved; namely, the simultaneous occurrence of calcination and sintering. Previous 
FSI modelling efforts [7, 28] assumed that calcination was instantaneous or 
experimentally excluded this effect by using precalcines. Silcox et al. [15] proposed 
perhaps the most thorough FSI model to date, describing the decomposition at the 
reactant-product interface, the diffusion of CO2 or H2O through the CaO layer, and the 
sintering of the CaO layer. However, the calcium hydroxide was assumed to dehydrate 
almost instantaneously and so it was not considered in the model. Although they 
included sintering effects, the model suffered from the lack of knowledge of the pore 
size distribution and how it varied over time. 
As mentioned above, the sintering process modifies the pore structure developed 
in the sorbent during calcination. Different mathematical expressions have been 
reported to predict the surface area as a function of time during the calcination-sintering 
process. The German-Munir model [13], based on the neck-growth models, can be 
expressed by 
 S0  S
S0





 ks t   for  S/S0<50%  (1) 
Sintering effects on precalcines have been described as proportional to the 
difference between the specific surface area and an asymptotic surface area, Sf, 
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  nfs SSkdt
dS   (2) 
Different kinetic orders have been suggested for this equation. Nicholson [29] 
reported a first-order kinetic, while Bortz et al. [30], Borgwardt [9] and Mai [11] 
reported a second order for the calcium oxide sintering. Borgwardt [9] used an 
asymptotic surface area of 5 m2 g-1 and Mai [12] used an asymptotic surface area of 
20.2 m2 g-1 for the sintering of CaO from calcium hydroxide. 
Fuertes et al. [31] deduced an expression, based on the German-Munir model, to 
fit the variation in the specific surface area with time for particles about 1 mm. 
  










/1
f0
0
sf00 SS
S
tk1SSSS   (3) 
On the other hand, Irabien et al. [18] used the German and Munir model [13] to 
correlate their experimental results when S/S0<55%, and an empirical model when the 
surface area is directly proportional to the heating time for a surface reduction higher 
than 55%. 
Some of the above equations have also been modified to take into account the 
influence of H2O and CO2 on the sintering process [14, 22]. However, they all consider 
only the surface evolution of the sorbent and disregard the pore size distribution, which 
also plays an important role in sulphation [32, 33]. Moreover, with these equations, it is 
not possible to study how the pore geometry, which is of considerable importance 
during sulphation, affects the sintering process [17]. 
3.2. Model description 
3.2.1. Calcination model 
The sorbent decomposition was modelled with the shrinking core model 
developed by Silcox et al. [15], who proposed that the process was controlled by the 
chemical reaction and the gas diffusion (CO2 or H2O) through the CaO formed. The 
particle is assumed to be isothermal and the decomposition process is allowed to occur 
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in steps, which leads to a layered CaO zone with different physical properties in each 
layer. 
The equations governing the movement of the calcination front were  
 ck
M
dt
dR
  P<10
-2 Pe (4) 
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These expressions are based on data from Darroudi and Searcy [34], who 
demonstrated a two-region CO2 pressure effect. The equations used to calculate the 
equilibrium pressure were the ones proposed by Weast [35] for CO2 and by Matsuda et 
al. [36] for H2O. 
The differential equation governing the diffusion of CO2 or H2O through the 
porous lime is 
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with the following boundary conditions 
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The external mass-transfer coefficient, kg, was calculated by using a Sherwood 
number of 2. The effective diffusivity, DeK, in every layer K, was calculated as a 
function of the Knudsen and molecular diffusions, and the sorbent porosity in the layer, 
[37] 
 2K
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KAK
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1De 


 

 (9) 
The molecular diffusion was calculated by the expression of Fuller et al. [38]. An 
average Knudsen diffusion coefficient ( KD ) was used that took into account the pore 
size distribution for every layer of CaO formed,  
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3.2.2. Sintering model 
During sorbent injection, a new surface area is generated by calcination and 
quickly reduced by sintering. The simultaneous effect of these processes produces an 
internal surface area that greatly affects the use of the sorbent during the subsequent 
SO2 removal process. This study used a sintering model corresponding to the two 
different pore geometries of CaO (cylinders and slits). Sintering reduces the surface 
area because the pores coalesce, but its effect on pore volume is negligible [3] and the 
particle size remains constant [31]. We assumed that the nascent CaO surface area and 
pores depend on the nature of the calcium sorbent and that the sintering process 
proceeds by the coalescence of two pores to form one, while the total pore volume 
remains constant. Figure 1 shows a scheme of the sintering process for the two pore 
geometries considered (cylinders and slits). For the cylindrical pore geometry, the 
characteristic dimension is the pore radius ri, while for a system of parallel plates it is 
the distance from the pore wall to the centre zi. Because the pore geometries were 
different, they were analysed separately. Table 2 shows the equations that were used. 
For the cylindrical pore geometry, the radius of the new pore rij that formed from the 
coalescence of pores ri and rj is calculated assuming that they were of the same length, 
Li = Lj. For the plate-like pore geometry, we assumed that all the pores had the same 
surface area, Spi = Spj, but that the number of pores of every size ni nj was different. 
As the number of pores cannot be determined separately, two new parameters, ij and 
ij, were introduced for cylindrical and plate-like pores, respectively. 
When a layer of CaCO3 or Ca(OH)2 decomposes, a new surface of CaO is 
generated. Thus, every layer K has an initial surface area before sintering S0K. The 
initial pore size distribution for cylindrical pores 0K,i is calculated using the method of 
Barret et al. [24] as a function of the initial specific surface area in the CaO (S0K,i)  and 
the radius ri where the surface is generated, 
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   (11) 
A similar equation is obtained for plate-like pores although in this case it is 
necessary to use the method proposed by Innes [25] to analyse the nitrogen 
physisorption data. The sintering of these initial pores of calcined sorbent depends on 
the operational conditions. In order to calculate the specific surface area of a partially 
calcined particle, the surfaces of every layer, SK, must be added together. The specific 
surface area of a calcined layer is the result of integrating the pore areas for all the pore 
sizes in the layer K. The calculation of the overall specific surface area, S, takes into 
account the weight fraction of every layer in the particle and the weight fraction of the 
unreacted core together with their corresponding specific surface areas, 
 sorbsorb
n
1i
KK fwSfwSS 

 (12) 
To adequately plot the pore size distributions measured, we used the ratio: 
  
i
i
dp
S
dpg   (13)
  
where dpi is the characteristic distance of either the cylindrical geometry (diameter) or 
the plate-like geometry (distance between surfaces).  
3.2.5. Solution procedure 
The decomposition of carbonate or hydrate particles was modelled by the 
shrinking-core model, which considers that a calcined shell is produced as the reaction 
interface recedes. A new shell is then calcined and, simultaneously, the previous 
calcined shell undergoes sintering, and so on. The process can be described as the 
formation of a multilayered CaO shell, each layer corresponding to CaO of a different 
age. 
The decomposition reaction takes place at the Ca(OH)2 or CaCO3 /CaO interface. 
The model simulates the build up of H2O or CO2 partial pressure at the reaction 
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interface and the profiles of CO2/H2O pressure along the radius of the particle and their 
evolution with time. These profiles depend on the decomposition rate and the 
diffusional resistance inside the particle, which is determined by the porous system 
developed during calcination and modified by sintering. 
The concentration profiles of CO2 or H2O were calculated using the numerical 
solution proposed by Silcox et al. [15] and DK as defined in Eq. (10). This coefficient 
varies with time because of the changes produced in the pore size distribution of every 
calcined layer by sintering. 
In the model, the sintering process takes place simultaneously with the sorbent 
decomposition in those zones where the sorbent is already calcined. Each calcined layer 
has a different sintering time, specific surface area and pore size distribution. The most 
recently formed layer of CaO has the highest surface, which corresponds to the nascent 
CaO. The sintering process modifies the pore structure of the nascent CaO. The 
sintering submodel is applied to each layer in each period of time, taking into account 
the pore geometry of the sorbent considered. The specific surface area and pore size 
distribution of the whole particle is finally calculated by integrating the different pore 
sizes in all the layers of the sorbent, even those of the raw sorbent where the calcination 
has still not taken place. 
4. Results and discussion  
The combined calcination and sintering model developed makes it possible to 
predict the evolution of the internal structure of the sorbent at different locations, and its 
evolution over time. If the calcination of the sorbent particles follows a shrinking core 
model, the external shells are sintered while the inner part of the particle is still being 
calcined. Thus, the radial profiles of the specific surface area throughout the particle are 
continuously varying, as shown in Fig. 2a. The specific surface area of the external zone 
is lower than that of the layer just calcined because it has undergone a longer, more 
severe sintering, and the values of the profiles decrease from 104 m2 g-1 to about 40 m2 
g-1. These values are lower if the particle is maintained at high temperatures after 
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calcination has been completed. Moreover, each zone has a different pore size 
distribution, as can be observed in Fig. 2b at =1. Curve C corresponds to the pore size 
distribution of the nascent CaO and curve A to the external shell, the first one calcined 
and, therefore, the one that is most sintered. As indicated above, the initial small pores 
are sintered and disappear to form bigger pores, as a result of which the pore size 
distribution shifts to larger pore sizes as sintering occurs. In this way, the external shells 
have a widespread pore size distribution bigger pores than the internal shells where 
nascent CaO is present. 
4.1. Effect of the pore shape 
c-CaO and h-CaO have been associated with cylindrical or plate-like pores, 
respectively [3], but some limestones can also show slit pores as found by Adánez et al. 
[17] and Fierro [39]. Differences in the pore structure of the calcined products can have 
an important effect on the sintering process during calcination and further sorbent use 
during injection.  
In order to study the effect of the pore shape on the sintering process, we used a 
particle diameter of 50 m and a nascent specific surface area of 104 m2g-1 generated in 
a pore with a characteristic distance of 4nm (pore radius or distance between plates). 
The simulation was carried out at a temperature of 1273 K with the same rate constant 
for the decomposition of the sorbent (kc= 10-1 mol m-2 s-1). For the two geometries 
considered in this work, the driving force for the sintering was the parameter , for 
cylindrical pores, and , for plate-like pores. Because the equations that define the 
sintering process for each geometry are different, the values of the sintering constants 
are also very different from each other. This makes it difficult to directly compare the 
effect of the pore geometry with the same value of the sintering constant. So, a sintering 
constant that decreases the specific surface area by 5% in 2 s was adopted as a reference 
basis for each of the two geometries considered. The sintering constant taken as a 
reference for cylindrical pores was Ks*cil =10-10 g m-1 s-1 and for plate-like pores it 
was Ks*plate =10-4 g m-2 s-1. A new parameter  was used to detect the effect of the 
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pore geometry on sintering. This new parameter is a multiplier of the basic sintering 
constants defined above. 
 cilcil
*
ss KK   (14) 
 plateplate
*
ss KK   (15) 
Fig. 3 shows the evolution of the surface area for the two pore geometries, 
cylindrical and plates, when  has values of 10 and 100. The surface area is the result of 
surface generation by calcination and surface losses by sintering. Surface generation, 
Sgen, increases as calcination proceeds until it reaches the value of 104 m2 g-1 when the 
particle is totally calcined. Surface loss, Sloss, is the decrease in the surface of the 
particle due to the sintering process. Surface generation depends on the calcination 
process and, therefore, on those variables that affect the calcination rate such as particle 
size, temperature and gas bulk concentration. Surface losses depend on the severity of 
the sintering process, which is dependent on factors such as temperature, sorbent nature, 
gas composition, etc. The model includes all these factors in the sintering constant, Ks. 
As can be observed, the pore geometry has an important effect on the surface area of the 
sorbent. The sorbent with plate-like pores always has higher S values, for the same 
value of . And although the initial pore diameter (or pore distance) is the same, it was 
also observed that the cylindrical pores sinter over a larger area and that the pores have 
a larger final average diameter than slit pores. 
4.2. Determination of the kinetic parameters 
The kinetic parameters of the calcination and sintering processes of the various 
sorbents used here were determined using the model developed and the experimental 
results were obtained in the drop tube reactor. The corresponding pore geometry of the 
sorbents was obtained from the adsorption-desorption isotherms so that the appropriate 
sintering model could be chosen. The model for cylindrical pores was applied to the 
limestone and the model for slit or plate-like pores to the calcium hydroxides. 
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The calcination kinetic constants were obtained by fitting the experimental results 
of calcination conversion, Xc, versus time using the Nelder and Mead method [40] 
coupled with the model developed. However, this study focused more on predicting the 
evolution of the pore structure during the residence time of the sorbent in the reactor 
than on analysing the calcination process, which has been thoroughly studied in the 
past. To determine the kinetic constants and parameters of the sintering process, the 
Nelder and Mead method [40] was also used to minimise the squared sum of the 
differences between the specific surface area predicted by the model and the 
experimental data. In this way, it was possible to obtain the kinetic parameters of 
calcination, kc, and sintering, Ks and S0, for each temperature and sorbent. The 
preexponential factors and activation energies for the calcination and sintering 
processes were later obtained by using the Arrhenius expression with the kinetic data 
obtained at different temperatures. 
The proposed model also made it possible to determine the pore size distribution 
of the sorbent and its evolution over time, as long as the pore size at which the nascent 
surface area, S0, was generated was known. The value of dp0 was determined by the 
position of the maximum in the pore size distributions obtained in the experiments at 
the lowest temperature and shortest reaction time with each sorbent, where the sintering 
was less important. Because the limestone and the calcium hydroxides had different 
pore geometries, the data were analysed separately.  
4.3. Calcination-sintering of the Omyacarb limestone  
Initially, the results obtained during the calcination of the limestone in air at all 
temperatures and residence times were analysed. It was decided to select a cylindrical 
pore geometry and a pore diameter of the nascent CaO, dp0, of 4.3 nm, obtained from 
pore size distributions with negligible sintering. Fig. 4 shows the evolution of the 
specific surface area of the Omyacarb limestone at different temperatures, and Fig. 5 
shows the evolution of the pore size distribution of the sorbent at 900 °C. The model 
adequately predicts the evolution of the specific surface area at the different 
15 
temperatures, as well as the pore size distribution. The model even predicts the 
maximum value of S observed at some temperatures, which corresponds to the point at 
which the sorbent almost reached complete calcination. It must be taken into account 
that the value of S is the result of surface generation by calcination and surface loss by 
sintering. Obviously, this maximum appeared earlier as the temperature increased. 
The activation energies and the nascent surface area obtained with the proposed 
method were: Ec=101 kJ mol-1, Es=69 kJ mol-1 and S0=100 m2 g-1. Table 3 shows the 
kinetic parameters obtained with all the sorbents with air and combustion fumes. The 
value of S0 obtained here was similar to the 104 m2 g-1 found by Borgwardt [20]. 
Once the ability of the model to fit the experimental results of the limestone 
calcination in air had been analysed, the effect of the CO2 and H2O concentration in the 
gas phase on the process was studied. Different percentages of CO2 between 0 and 
15%, and H2O between 0 and 7%, and mixtures of both gases were used at 1000 °C. 
The specific surface areas obtained with these gases were considerably smaller than 
those obtained in air, which demonstrated the important sintering effect of these gases, 
similar to the results found by other authors [10, 14]. The value of Ks obtained at 1000 
°C was strongly dependent on the gas composition, and was fitted to the following 
empirical equation: 
Ks (1000 °C) = 2.0 10-10 + 2.6 10-11 %CO2 + 5.3 10-11 %H2O (16) 
Due to the important effect of the CO2 and H2O concentration on the sintering 
process, a reacting gas atmosphere, the composition of which was similar to that of the 
exhaust gas of a pulverised coal boiler, was selected. It contained 15% CO2 and 7% 
H2O. The calcination parameters in combustion fumes were very similar to those in air 
(see Table 3) and the fittings were just as good. Recently, Agnew et al. [23] found an 
activation energy of 99 kJ mol-1 for the calcination of the same limestone. This value, 
very similar to the values reported here, was determined by applying Mai and Edgar's 
model [12]. However, important differences were found in the kinetic constants of 
sintering, due to the different decomposition atmospheres. To correctly predict the 
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experimental data, an initial surface area of 50 m2g-1had to be used It must be 
remembered that the initial surface area defined here is not an intrinsic parameter of the 
sorbent. The difference between this parameter and the nascent surface area of 104 m2g-
1 proposed by Borgwardt probably reflects the exponential loss of calcium sites due to 
thermal sintering in the first 200 ms of reaction [41]. 
4.4. Calcination-sintering of the calcium hydroxides CH-45 and CH-LGS 
The version of the model that assumes plate-like pore geometry was used. The 
pore diameter of the nascent CaO for the CH45 was of 2.3 nm, obtained from pore size 
distributions with negligible sintering. However, for the modified calcium hydroxide 
CH-LGS, two maxima at 2.3 nm and 7.3 nm were obtained in the pore size distribution. 
For fitting purposes, it was considered that 80% of the surface was generated at 2.3 nm 
and the rest at 7.3 nm as can be seen from the areas below the curve in the plot. The 
surface generated at 7.3 nm was considered to be due to the presence of calcium 
lignosulfonate in the sorbent, a large organic molecule (about 10 nm), which 
decomposes in boiler conditions to leave big pores.  
The kinetic constants, kc and Ks, and the nascent surface, S0, were determined for 
these sorbents (see Table 3). Again, the model predicted the maximum on the surface at 
different temperatures and that it would appear earlier as temperatures increased. 
Moreover, the model fitted the experimental pore size distributions: the sintering causes 
the number of smaller pores to decrease and the number of bigger pores to increase. 
This is in agreement with the experimental results. The values of Ks found for the 
hydroxides cannot be directly compared with those found for the limestone because 
their porous systems are different and the equations used for sintering depend on the 
pore geometry. 
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4.5. Comparison of the kinetic parameters obtained for the three sorbents 
Fig. 6 compares the experimental and predicted surface areas obtained for the 
three sorbents at different temperatures and residence times, when the data obtained in a 
combustion exhaust atmosphere are used. The correlation between the experimental and 
the predicted values of specific surface areas was quite good. 
Fig. 7 shows the values of the kinetic parameters for calcination, kc, and sintering, 
Ks, as a function of the temperature in air and in combustion fumes for the three 
sorbents used. These values were used to obtain the preexponential factors and 
activation energies given in Table 3. The calcination constant of the limestone was 
smaller than that of the two calcium hydroxides, which were very similar. Moreover, 
the reaction atmosphere, air or combustion fumes hardly affected the calcination rate, 
although the sintering rate dramatically increased in the presence of CO2 and H2O. The 
sintering constants for the limestone and the two hydroxides cannot be directly 
compared because they have different pore structures and, therefore, a different 
sintering model was used.  
4.6. Comparison with the results obtained by other authors 
Previous studies [12,19,44] have shown that the kinetic parameters determined for 
the decomposition of calcium-based sorbents were greatly dependent on the 
experimental system and conditions. The activation energies obtained for limestone 
calcination in a thermogravimetric analyser or in a differential reactor with big particles 
and temperatures under 900 °C varied between 110 and 204 kJ mol-1 [20,42-44]. 
Moreover, García-Calvo et al. [43] found values that varied between 110 and 194 kJ 
mol-1 depending on the impurity content of the limestone. These values are higher than 
those obtained in entrained-flow reactors [14, 15, 22], with particles smaller than 100 
µm and temperatures as high as 1200 °C, which vary between 33 and 92 kJ mol-1. Mai 
[11] attributed the higher activation energies obtained to inadequate sorbent/gas mixing or 
slow particle heat-up. Results were similar for the dehydration of the calcium hydroxide. 
The activation energies obtained in thermogravimetric analysers or differential reactors 
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were higher, between 79 kJ mol-1 [45]  and 280 kJ mol-1  [18], than those obtained in a 
drop tube reactor, which were about 67 kJ mol-1 [11, 14]. 
Therefore, to compare our results with those obtained by other authors, the 
experimental conditions must be taken into account: particle diameter, temperature 
window and experimental system. In this study, the estimation of particle heat-up took into 
account the convection from the bulk gas and reaction wall. The calculations indicated that even 
the biggest particles (50m) were heated within 8ms of injection. Thus, the activation 
energy obtained for the calcination of the Omyacarb limestone, 96 kJ mol-1, was similar 
to that obtained by other authors under similar experimental conditions. However, the 
values obtained for the CH-45, 36 kJ mol-1, and for the CH-LGS, 50 kJ mol-1, were 
somewhat lower than those obtained by other authors, although the resistances arising 
from the different mass transfer processes had been considered in the model. 
To validate our model, we compared the results obtained with the sintering 
models developed by Borgwardt [9] for limestones and by Mai [11] for calcium 
hydroxide. These models were selected because the experimental conditions used, in 
terms of particle diameter, residence time and temperature, were in the range of FSI 
conditions. Fig. 8 shows the evolution of the specific surface area of the sorbent 
assuming a decomposition atmosphere of nitrogen working at 1000 °C and particle 
sizes of 50 µm. Our model predicts that results will be similar to those obtained with the 
Borgwardt and Mai expressions and it also predicts the pore size distribution of the 
particle and its evolution over time. The most striking aspect of the research was that 
although our model calculated the total area by adding together the pore sizes in all the 
layers of the sorbent, the results were very similar to those of other sintering models.  
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5. Conclusions 
A new model to describe the simultaneous processes of calcination and sintering 
undergone by a calcium sorbent when it is heated at high temperatures is proposed. The 
model considers cylindrical and plate-like or slit pore geometries. It is able to predict 
the calcination conversion and the specific surface area in the typical conditions of the 
sorbent's injection into a pulverised coal boiler. It also predicts the pore size distribution 
of the sorbent and its evolution over time at different particle locations and in the 
particle as a whole. 
The limestones and calcium hydroxides behaved differently during decomposition 
and sintering because of their different pore structure and the high initial surface area of 
the Ca(OH)2. The simulations carried out with the model unequivocally showed that 
sorbents with cylindrical pores sinter to a greater extent than those with slit pores. The 
activation energies determined for limestone calcination, 96 kJ mol-1, and for calcium 
hydroxide dehydration, about 50 kJ mol-1, are in the range of the values found by other 
authors working in similar experimental conditions.  
The reaction atmosphere had a negligible effect on the decomposition kinetic 
parameters but considerably affected the sintering process. The specific surface areas 
obtained in atmospheres containing CO2 and H2O were lower, by almost 50%, than 
those obtained under air atmosphere. The increase in sintering when CO2 and H2O were 
present was clearly noticeable in the values of the kinetic parameters obtained for 
sintering. The value for the initial surface area in combustion fumes was much lower 
than the one obtained in air atmosphere may be because of an initial exponential loss of 
surface.  
Finally, the proposed model predicted a similar evolution of the specific surface 
area to that predicted by the equations of various authors working in similar conditions, 
and it was also able to predict the pore size distribution of the particle and its evolution 
over time. 
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Nomenclature 
c-CaO calcium oxide from calcium carbonate 
h-CaO calcium oxide from calcium hydroxide 
DA  molecular diffusion coefficient for CO2 or H2O, m
2
 s
-1 
De  effective diffusivity of CO2 or H2O in porous lime, m
2
 s
-1 
DeK  effective diffusivity of CO2 or H2O in porous lime in the shell K, m
2
 s
-1
 
di  distance between plates of size i, m 
DKi  Knudsen diffusion coefficient for pores of radius i, m
2
 s
-1
 
dp  Particle diameter, m 
dp0  characteristic distance of the nascent surface, m 
dpi  pore distance of size i (cylinder radius or distance between plates), m 
Ec  activation energy for the calcination process, kJ mol
-1 
Es  activation energy for the sintering process, kJ mol- 
fvK,i  volume fraction of pores of size i in the shell K   
fwK  weight fraction of the shell K 
fwsorb  weight fraction of the unreacted core  
g(dp)  pore size distribution, m g
-1
 
o
ck  pre-exponential factor for the calcination rate, mol m
-2
 s
-1
 
kc  rate constant for decomposition of the sorbent, mol m
-2
 s
-1
 
kg  mass transfer coefficient, m s
-1
 
sk  rate constant for sintering defined in Eq. (1), s
-1
, and Eq. (2), m
2-2n 
g
n-1
s
-1 
Ks  sintering constant for cylindrical, g m
-1
s
-1
, and plates-like, g m
-2 s
-1
 geometry 
cils
K  sintering constant for cylindrical geometry defined in Eq. (14), g m
-1 s
-1
 
platesK  sintering constant for plate-like geometry defined in Eq. (15), g m
-2 s
-1 
o
sK  preexponential factor for the sintering constant for cylindrical, g m
-1 s
-1
, and plate-
like, g m
-2 s
-1
, geometry 
cil
*
sK  reference basis for sintering constant for cylindrical geometry, 10
-10
 gm
-1
s
-1
 
plate
*
sK  reference basis for sintering constant for plate-like geometry, 10-4 g m
-2 s
-1 
Li  length of the cylindrical pores of size i, m  
M molecular weight, kg mol
-1
  
ni  number of pores of characteristic size i 
P  partial pressure, atm 
Pb  bulk pressure, atm  
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Pe  equilibrium dissociation pressure of CO2 or H2O, atm  
R  radius of shrinking core, m 
Rg  universal constant of gases, J mol
-1
 K
-1
 
ri  radius of the cylindrical pores of size i, m 
Rp  radius of the particle, m 
S  specific surface area, m
2
 g
-1 
Sij  surface area of the pores generated by sintering, m
2
 g
-1
 
Ssorb  specific surface of the raw sorbent, m
2
 g
-1
 CaO 
S0  nascent specific surface area, m
2 g
-1
  
S0K,i  initial specific surface area of the shell K, m
2 g
-1
  
Sf  sintered asymptotic specific surface area, m
2
 g
-1
 
Sgen  specific surface area generated by calcination, m
2
 g
-1  
SK  specific surface area of the shell K, m
2
g
-1
  
SK,i  specific surface area of the shell K in pores i, m
2
g
-1
 
Sloss  specific surface area lost by sintering, m
2
 g
-1 
Spi  specific surface of plates of size i, m
2
  
Ssorb  specific surface area of the raw sorbent, m
2
 g
-1
 
T  temperature, K 
t  time, s 
tc  time for complete calcination, s 
zi  semidistance of plate-like pores of size i, m 
Greek letters 
  multiplier factor of the sintering constant 
  density, kg m-3 
  order of sintering 
K  porosity of shell K 
i  parameters defined in Table 2, m g-1 
K,i  parameter for pores i in shell K, m g-1  
  dimensionless time, t / tc 
i  parameter defined in Table 2, m2 g-1 
Subscripts 
i, j, ij  pore sizes   
K  number of calcined shell 
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Table 1. Physical properties of calcium-based sorbents 
 
 Limestone Calcium hydroxides 
 Omyacarb CH-45 CH-LGS 
    
dp (µm) 45 30 20 
 
Ssorb (m2 g-1) 2 19 17 
 
Isotherm (IUPAC) H1 H3 H3 
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Table 2. Equations for the sintering model 
 
 Cylindrical pore geometry Plate-like pore geometry 
Characteristic dimension of the new pore ij   2/12j2iij rrr   dij=di+dj 
Surface area of new pore ij ijijij Lr2S   
ji
ji
ij SpSp2
SpSp
Sp   
Total surface area of pores ij ijijijijijij r2nLr2S   ijijij nSp  
Disappearance and formation of pores jiij ddd   dij = - di = - dj 
Generation rate of new pores ij 
jis
ij K
dt
d   jisij Kdt
d   
Surface balance of pores in a single sintering process jjiiijijij dr2dr2dr2dS  jiijij ddddS   
Variation of surface over time  
 

n
1i
n
1j
jjiiijij drdrdr22
1
dt
dS   jiijn
1i
n
1j
ddd
2
1
dt
dS  
 
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Table 3  Kinetic parameters for the calcination and sintering processes 
 
 
 
 calcination sintering 
  
kco 
(mol m
-2
 s-1)
Ec 
(kJ mol-1) 
 
Kso 
 
Es  
(kJ mol-1) 
S0 
(m2 g-1) 
 
air      
limestone 3.3 103 101 2.5 10-7* 69 100 
CH-45 20.4 37 8.8# 74 50 
CH-LGS 54.6 48 10.1# 68 50 
 combustion fumes      
limestone 2.1 103 96 1.2 10-6* 74 50 
CH-45 19.1 36 87.4# 89 50 
CH-LGS 53.8 50 49.9# 74 50 
*   g CaO m-1 s-1  (cylindrical geometry) 
#   g CaO m-2 s-1  (plate-like geometry) 
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Captions of the Figures 
 
Fig. 1.  Schema of the sintering process for cylindrical and plate-like pores  
Fig. 2.  a) Evolution over time of the specific surface area profiles along the particle 
radius, and b) pore size distribution at three locations on the particle radius 
at =1 (kc=10-1 mol m-2 s-1 and Ks=10-9 g m-2 CaO s-1) 
Fig. 3  Effect of the sintering process on the evolution of the specific surface area 
for two pore geometries (             S0-Sloss,                Sgen) 
Fig. 4  Specific surface area evolution of the Omyacarb limestone over time and 
temperature during its calcination in air (  experimental,      predicted) 
Fig. 5 Evolution of the pore size distribution of the Omyacarb limestone over time 
during its calcination in air at 900 ºC (  experimental,      predicted) 
Fig. 6 Comparison of the experimental and predicted specific surface areas for the 
three sorbents (   Omyacarb,   CH-45,   CH-LGS) 
Fig. 7 Comparison of the kinetic and sintering constants for the three sorbents in 
air and in combustion fumes (   Omyacarb,   CH-45,   CH-LGS) 
Fig. 8 Comparison of the specific surface areas predicted by the model, and those 
proposed by Borgwardt [9] for the limestone and Mai [11] for the calcium 
hydroxide 
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Figure 7 
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